The discrete wavelet transform (DWT) gives a compact multiscale representation of signals and provides a hierarchical structure for signal processing. It has been assumed the DWT can fairly well decorrelate real-world signals. However a residual dependency structure still remains between wavelet coefficients. It has been observed magnitudes of wavelet coefficients are highly correlated, both across the scale and at neighboring spatial locations. In this paper we present a wavelet folding technique, which folds wavelet coefficients across the scale and removes the across-the-scale dependence to a larger extent. It produces an even more compact signal representation and the energy is more concentrated in a few large coefficients. It has a great potential in applications such as image compression. where and i j are the synthesis scaling filter and wavelet filter, respectively. In an orthogonal case, h = h, g = 9.
I N T R O D U C T I O N
Ever since the terminology "wa~elet" was first introduced, in the context of a mathematical transform, by A. Grossmann and J. Morlet [I] in 1984, wavelet theory and its applications have grown tremendously. The discrete wavelet transform (DWT) and its fast implementation was introduced by S. G. Mallat [2] in 1989. For a discrete signal 2 = {xn}, the DWT of 2 consists of two parts, the low frequency part (scaling coefficients) L = { L I , } and the high frequency (wavelet coefficients) part H = { H k } ,
LI, = x h n --2 k x n ,
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Software Engineering Monash University, Australia dmt , hrw@csse. monash .edu. au decomposed into its low and high frequency parts, and so on, to produce a multiscale representation of the original signal 2. From L and H , the inverse discrete wavelet transform (IDWT) will reconstruct x as
where and i j are the synthesis scaling filter and wavelet filter, respectively. In an orthogonal case, h = h, g = 9.
The success of the DWT can be attributed to its three primary properties [3]:
Locality: Each wavelet coefficient is localized simultaneously in time and frequency.
Mult iresolution: Wavelet coefficients are compressed and dilated to analyze at a nested set of scales.
Compression:
The wavelet transforms of real-world signals tend to be sparse.
Based on the above three properties, it has been assumed that the DWT can decorrelate real-world signals fairly well. However a residual dependency structure still remains between wavelet coefficients. It has been observed [3, 4, 5, 6 , 7, 8, 91 that magnitudes of wavelet coefficients are actually highly correlated, i.e., large values of wavelet coefficients tend to propagate at the same relative spatial locations across the scale, and at neighboring spatial locations at the same scale. In this paper we present a wavelet folding technique, which folds wavelet coefficients across the scale and removes the across-the-scale dependence to a larger extent. This paper is organized as follows. In Section 2 we give a brief overview of a data folding method for the discrete cosine transform (DCT). We introduce the wavelet folding technique in Section 3. Beginning with a simple example, we compute the wavelet packet of the data and construct a wavelet folding matrix. Then we apply the DWT on the scale direction of this matrix to obtain a more compact representation. We conclude the paper in Section 4.
DATA FOLDING FOR DCT
A data folding method for the DCT was presented in [lo] . It rearranges the data to allow the practical application of the DCT to expand into higher dimensions.
Let us explain the data folding method with an example.
Assume remove further spatial redundancies. The data folding method has been applied to image coding arid video coding. Experimental results show that a hybrid coding algorithm using the data folding method outperforms the standard 2-D block DCT method for most of the test images. For more details of the data folding method, we refer to [lo] .
WAVELET FOLDING
Similar to the DCT, wavelet coefficients are not statis- 
n E Z nEZ with Lo = x. We are interested in exploring the dependence among H1, H 2 , H 3 , . . ..
Let us assume for now that h and g are the Haar scaling filter and wavelet filter, and x is the square sequence {0,1,4,9,16,25,36 The DWT of Haar scaling filter and wavelet filter could only remove the constant (which is equivalent to the zeroth vanishing moment) in the data. However by combining the wavelet coefficients at two adjacent scales, one can remove the quadratic relation (which is the second vanishing moment) in the data, as illustrated above.
The above simple example leads to the introduction of wavelet folding. Let us begin with the standard DWT. Because of the downsampling procedure in the filtering by h and g , the sizes of wavelet coefficients at different scales H' , H 2 , H 3 , . . . , H j , . . . , are different by a factor of 2, IH'J = 2)H21 = 41H31 = ... = 2j-I lHjl = . . .. The wavelet packet comes naturally to reduce the sizes of H s at finer scales (the H j with small j ) so that they will have the same size for the folding processing. Unlike the DWT which only decomposes the scaling coefficients L, the wavelet packet decomposes the wavelet coefficients H as well. So for the wavelet coefficients H j at the j-th scale, one can have
nEZ n E Z
One could further decompose the L ( H j ) and H ( H j )
by filtering with h and g , and so on, until some desired decomposition structure is reached. For our wavelet folding purpose, we will only further decompose
) having the same size as Hj+", the wavelet coefficients at some scale j + m. Figure 3 illustrate a three scale wavelet folding decomposition, Due to the page limit, we have omitted the proofs of two theorems presented in this paper. The proofs can be found in [14] . Again because of the normalization factor fi, one needs to enlarge the magnitudes of L ( " ) ( H j ) before the DWT across the scale. 
